Double-A hypernuclei within a Skyrme-Hartree-Fock approach 
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Abstract 

We extend the Skyrme-Hartree-Fock (SHF) approach to study the double-A hypernuclei. The nucleon- 
nucleon (AW) and A-nucleon (AN) interactions are taken from a recent work where the SHF method was 
applied to a successful description of the single-A hypernuclear systems. For the AA force a simple Skyrme- 
like form has been used. We discuss the sensitivity of the calculated AA binding energy and the AA bond 
energy to the AA and AA force parameters. It is found that the existing AA hypernuclear data do not allow 
the extraction of an unambiguous information about the AA force. 
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A proper understanding of the properties of double-A hypernuclei is important due to a number 
of reasons. These systems provide the unique opportunity to understand the hyperon-hyperon (YY) 
interaction yj], which is crucial for a complete understanding of the octet of baryons (N, A, S, S) in 
a unified way. They also supplement the information about the hyperon-nucleon (YN) interaction 
that is mostly extracted from the studies of the single-A hypernuclei [2]. The knowledge of YN 
and YY interactions are needed for making extrapolations to understand the properties of both 
finite as well as bulk strange hadronic matter [3] and the neutron stars |4j]. The study of the AA 
hypernuclei is also of interest in connection with the possible existence of the strangeness (S) -2, 
six-quark H dibaryon resonance |5i [60 with spin parity of + and isospin 0. A bump appearing 
around threshold in the invariant mass spectrum of the two A hyperons in the (K~,K + ) reaction 
may be of interest in this context fl7J]. 

The double-A hypernuclei were first observed in the 1960s [8J] in the studies of stopped H" 
hyperons in emulsions. Two decades later the modern emulsion-counter hybrid technique has been 
applied in the KEK-E176 experiment where a new double-A hypernucleus event was found |9U. 
Later on, in another hybrid emulsion experiment (KEK-E373) an unambiguous identification of 
the hypernucleus AA He was made with a precise value of the binding energy of two A hyperons 
(#aa) This is known as the NAGARA event. Recently, in a reanalysis of the double-A 

hypernuclear data produced in the KEK-E176 and KEK-E373 experiments, results for B AA have 
been reported for AA He, AA Be, A 2 A Be, and A ^B hypernuclei fl 1 IN . 

These observations have led to a number of theoretical studies where several approaches have 
been used to investigate the double-A hypernuclei. Calculations have been performed within 



the three- and four-body cluster models using the effective interactions or the G-matrix [|12 



Among other approaches are the Faddeev 111811 . variational Monte-Carlo [19], and variational six 



body 



17] 



2011 calculations. Furthermore, both nonrelativistic and re 



also been used to predict the binding energies of such nuclei Q21 



ativistic mean field models have 



-28]. In these calculations mod- 



erate to good success has been achieved in predicting the 5 AA values. 

The Skyrme-Hartree-Fock (SHF) model is known to be a powerful tool for investigating the 
gross pro perties of the nonstrange nuclei J29]. It was extended to study the A hypernuclei in 
Refs. |3(]]. However, reliability of this approach depends of the accurate knowledge of the Skyrme 
AN interaction, which is determined by fitting to the experimental binding energies of known 
hypernuclei. Whereas most of the SHF studies use AN interactions that have been obtained by 
fitting to only a single hypernuclear system, we have, in a recent study ||31||. determined this 
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interaction by fitting to the modern data on the binding energies of nearly twenty A hypernuclei. 
The fit potential with minimum^ 2 has been used to describe successfully the properties of almost 
all the known single- A hypernuclei. 

In this brief report, we extend the SHF method to the calculations of B AA and the AA bond 
energy [A5 AA ] of double-A hypernuclei. The formalism is similar to that used in Ref. Dill for 
describing the single-A hypernuclei. The additional quantity required is the AA interaction. Al- 
though several phenomenological, meson-exchange motivated, and quark model based forms have 
been employed for the latter [Q, [n[ H 32-35], the information about this force is still not 



precise because the experimental data on such hypernuclei are still scarce. In this study we have 



used a Skyrme type AA force proposed in Ref. Q22Q, where the parameters of the interaction have 



been determined by fitting to A5 AA of 1 3 A B ground state (= 4.8 + 0.7 MeV) and also by considering 



possible uncertainties in this data. We have considered all the three parameter sets of Ref. Ii22ll in 
our calculations. 

The total energy density functional (EDF) of a double-A hypernucleus (£^) includes contribu- 
tions from the total energy density of neutron and proton (£#) and of hyperons (£ A ). In addition, 
&2\ nas terms arising from the pairing energy and the center of mass corrections, which are taken 



to be similar to those described in Ref. 113 IN . &n is related to the Hamiltonian density (H N ) as 

6 N = j d 3 rH N (r). (1) 
The form of H N is the same as that given in Ref. [31]. Similarly £ A is given by 



£ A = f d 3 rH x (r). (2) 
H A is the sum of two terms, 

H A (r) = H AN (r) + H AA (r), (3) 



where H NA (r) has the same form as that in the case of the single-A hypernuclei (see, Ref. Bill '). 

The second term, H AA , is attributed to the AA interaction and is given by 

1 - 1 3 , 1 , 

H AA = -Aqp 1 a + -(Ax + 3A 2 )p A T A + —(A 2 - A l )p A V z p A + -A 3 p\p a N , (4) 

where p A is the hyperon density and r A is the corresponding kinetic energy density. p N = p p + p n , 
is the density of the core nucleon. A , A\, A 2 , and /t 3 are the parameters of the AA force that will be 
described later on. The value of the parameter a in the last term is assumed to be 1/3. In Eq. ©, 
we have omitted terms corresponding to the A spin density. 



TABLE I: Parameters for the AA interaction. The last column gives the ranges of "equivalent single Gaus- 
sian" potentials. 



SET 


^0 


Ai n 




(MeV fm 3 ) (MeV fm 5 ) (fm) 


SAA1 


-312.6 


57.5 0.61 


SAA2 


-437.7 


240.7 1.05 


SAA3 


-831.8 


922.9 1.49 



The wave functions for the proton, neutron and the A particle are calculated from the SHF 
equations; 

h 2 



2m* 



V 1 + V NN (r) + V» UJr) = erfJr), (5) 



/r V 2 + V A (r) + y AA (r)J,/) A (r} = e,0 A (r). (6) 



2ml 



where q represents a nucleon (proton or neutron), and e q and 6 A are the single-particle energies for 
the nucleon and the A particle, respectively. The purely nuclear mean field potential [V NN (r)], the 
additional field created by the A hyperon that is seen by a nucleon [V A (r)], and the whole nuclear 



field experience by a A hyperon [V^(r)] have the same forms as those given in Ref. [31]. Vaa(i"), 
which is the field generated by the AA interaction, is given by 

11 3 1 

V A a = T/foP A + o 0*i + 3^ 2 )r A + — (A 2 - ^i)V 2 p A + x^PaPn- (7) 

The last term in Eq. © corresponds to the three-body AAiV interaction. In actual calculations, 
this (density dependent) term is dropped. We adopt all the three parameter sets (SLL1, SLL2, 
SLL3 given in Ref. H22D , where the parameter /l 2 is set to zero under the argument that the p wave 
contributions do not take part in the lowest single-particle levels. The values of the parameters Ao 
and A\ are given in tableHfor various sets. 

While the nucleon effective mass remains the same as that described in Ref. 113 ill , the A effective 
mass, m* A , acquires additional terms due to the presence of V AA , 

h 2 h 2 1 1 

t-T = ~ + o + 3A 2^Pa + -[u l (2+y i ) + u 2 (2 + y 2 ]p N (8) 

2m A 2m A 8 8 



The main quantity in AA hypernuclei is the AA bond energy, which is defined as 



AB AA = B AA - 2B A , (9) 

where B A is the separation energy of one A hyperon from the A +1 Z hypernucleus and B AA is that 
of two A hyperons from the AA 2 Z hypernucleus, respectively. These are evaluated by solving the 



appropriate Hartree-Fock equations and using the energy relations given in Ref. DIN . 

In our calculations of the B AA and B A , we have used the parameter set SLy4 for the AW inter- 
actions (see Ref. Oal ). However, for the AN systems, three parameter sets of Ref. [31] (HPA2, 
OA1 and NA1) were employed. It may be recalled that while the set HPA2 provides the best 
agreement with the experimental binding energies of the A single-particle states of all the orbitals 
in the entire mass range of hypernuclei, the parameter sets OA1 and NA1 overestimate somewhat 
the data for the lighter nuclei. All of the three sets of parameters as given in tableUhave been used 
for the A A force. 

In table HH we show our results for the double- A binding energies for a number of hypernuclei. 
We see that B AA increases with mass number of the hypernucleus. This is in agreement with the 
observations made in the RMF calculations of the double-A hypernuclei in Ref. [28]. We further 
note from table |n] that while for lighter nuclei B AA depends on the parameter set used for the 
AA force, for heavier systems this dependence is quite weak. For the lightest system ( AA He), the 
binding energy calculated with the set SLL3 that has largest range, reproduces the corresponding 
experimental value the best. This may indicate that a longer range AA force leads to a lesser 
binding of two As to the lighter core. On the other hand, for the hypernuclei j^Be, A 2 A Be, and AA B, 
B AA calculated with sets SLL1 and SLL2 are similar and reproduce the experiments data better 



than those obtained with the set SAA3. In a recent shell model calculations Q23Q , the experimental 



value for B AA ( 6 ..He) was used to constrain the AA interaction. This is in contrast to our case, 



where the bond energy of AA B was used for this purpose. For heavier systems our results for B AA 



are similar to those obtained in the shell model calculations of Ref. [23I1. 

In Fig. 1 we show the A dependence (A is total baryon number of the hypernucleus) of the 
bond energy AB AA for three parameter sets of AA force. The parameter sets for AW and AN in- 
teractions are taken to be the same for all the three cases. It is seen that generally AB AA decreases 
with increasing A for all the cases. For lighter hypernuclei the decrease is very steep with increas- 
ing A, while for medium mass and heavier systems it is more gradual. This can be understood 
from the fact that with increasing A the mean distance between hyperons increases which leads to 



TABLE II: B AA of various hypernuclei calculated using sets SLy4, HPA2 of Ref. (3l|], for AW, and AN 
interactions, respectively, and all the three sets of parameters for the AA force. 



Hypernuclei 


B^ A A '[MeV] B 


f A A2 [MeV] B 


fA A3 [MeV] 


v(Expt.) 
AA 


Ref., Event 


AA 


11.88 


9.25 


7.60 


6.91 ±0.16 
10.06 ± 1.72 


[IT], NAGARA 
[11J, MIKAGE 


AA 


19.78 


18.34 


15.19 


11.90 ±0.13 


[8] 


11 Be 

AA oc 


20.55 


19.26 


16.27 


20.49 ± 1.15 


UJJ, HIDA 


12 Be 

AA oc 


21.10 


19.97 


17.18 


22.23 ± 1.15 




13 g 

AA 


21.21 


20.26 


17.76 


23.30 ± 0.70 


U1J,E176 


AA Li 


14.33 


12.81 


9.81 






12 R 

A A 


20.90 


19.81 


17.07 






14 p 

aa v - 


20.77 


20.03 


17.91 






16 N 


21.83 


21.13 


19.17 






18 Q 

AA^ 


22.47 


21.81 


20.01 






42 Ca 
AA 


24.41 


24.20 


23.53 






92 Zr 

A A 


26.6 


26.50 


26.2 






210p b 

AA 


28.1 


28.00 


27.9 







the weakening of the attraction between them. After certain value of A this attraction reaches a 
saturation value. In this figure we also note that with the AA force parameter set SLL3 the agree- 
ment with the last two data points is somewhat better as compared to that obtained with other two 
sets. However, given the large statistical errors in the data points it may be premature to draw any 
definite conclusion about the preference of one parameter set over the other. More experimental 
data, particularly for heavier double-A hypernuclear systems are needed to get an unambiguous 
information about the AA force from such calculations. 

In Fig. 2, we show the sensitivity of AB AA to the AJV force. In these calculations parameters 
sets SLy4 and SLL1 have been used for the AW and AA interactions, respectively. For for the 
AN force we have used sets HPA2, NA1 and OA1 of Ref. 113 ill . We note that even the currently 
available sparce data clearly favor the parameter set HPA2. It may be recalled that in the case 
of the single-A hypernuclei this set provided the best agreement with the experimental binding 
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100 150 200 
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FIG. 1 : (Color online) A dependence of the bond energy ABaa for three parameter sets of AA force. AW 
and AN interactions have been described by parameter sets SLy4 and HPA2, respectively, in each case. 

energies of the A single-particle states. 

In conclusion, we have calculated the binding energies and the bond energies of the light to 
heavy double-A hypernuclei within a Skyrme-Hartree-Fock model. This is an extension of the 
model used earlier to describe successfully the binding energies of the A single particle states of 
both lighter as well as heavier single-A hypernuclei. For the NN interaction the parameter set 
SLy4 of Ref. Pol has been used while for the AN force the parameter sets HPA2, OA1 and NA1 
of Ref. Bill have been employed. These parameter sets provide a reasonable overall description 
of the single-A hypernuclear data. The parameter sets SLL1, SLL2 and SLL3 of Ref. |22j] have 
used for the A A force. 

We have calculated the A dependences of the AA binding energy as well as that of the AA bond 
energy in the ground states of the double-A hypernuclei. We observe that the currently available 
limited experimental data for such hypernuclei do not allow the extraction of an unambiguous 
information about the AA force. Even though they already show a significant selectivity for the 
AN force where the set HPA2 is clearly favored. Of course, the AA force used by us are too 
simplified. However, calculations made with more realistic AA potentials in Ref. Q2JJ] arrive at 
the similar conclusion. The experimental information on the double-A hypernuclei over a wide 
range of masses, is necessary for the extraction of the AA potential from the data. Nevertheless, 
our work demonstrates that the Skyrme-Hartree-Fock model can be used as a workable theoretical 
framework for investigating the properties of both lighter and heavier AA hypernuclei. In contrast, 
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FIG. 2: (Color online) A dependence of the bond energy ABaa for three parameter sets of AN force. NN 
and AA interactions have been described by parameter sets SLy4 and SLL1, respectively, in each case. 

numerical complications limit the application of cluster models to only some lighter systems. 

One of the authors (NG) would like to thank the theory division of the Saha Institute of Nuclear 
Physics for the kind hospitality during her several visits there. 
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